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Abstract 
In order to investigate the possibility of fluorine removal, processes of sulfuric leaching of the dispersed beryl-bertrandite-
phenakite product melted with fluxes, and further thermal treatment have been investigated. The intermediate and final products 
have been studied by the IR-spectrometry and X-ray diffraction analysis. 
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1. Introduction 
Nowadays, the syntheses of beryllium-based products at Ulba Metallurgical Plant (UMP) are based on the 
treatment of the complex raw materials composed of beryl concentrate (Be3Al2[Si6O18]) from Malyshevkoe and 
Zavitinskoe deposits in Russia and high quality bertrandite-phenakite-fluorite (Be4[Si2O7](OH)2 – Be2[SiO4] – СаF2) 
concentrates from the Ermakovskoe deposit (Russia). The content of fluorine in the latter is up to 14 % by its mass. 
The technology of beryllium hydroxide consists of the following steps: the preliminary melting of the complex raw 
materials with fluxes (Na2CO3 and CaCO3) at 1400°С, aqueous granulation of silicate-berrylium melt, sulfuric (60% 
acid) treatment of the despersed pellets of the granulated melt (hereinafter referred to as the granulate) which results 
in obtaining sulfate-silicate compounds (hereinafter referred to as the SSC), aqueous leaching of the soluble sulfates, 
separation of silicate-sulfate sludge (hereinafter referred to as the SSS), and alkaline deposition of beryllium 
 
 
* Corresponding author. Tel.: +7-723-229-8159. 
E-mail address: borsukan@ulba.kz 
 14 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons. rg/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the National Research Tomsk Polytechnic University
114   A.N. Borsuk et al. /  Procedia Chemistry  11 ( 2014 )  113 – 118 
hydroxide from the sulfuric acid solutions. The presence of large amounts of fluorine in the sulfate solutions leads to 
the significant losses of beryllium during its deposition due to the formation of stable well-soluble and non-easily 
hydrolysable beryllium-fluoride complex ions. It explains why the problem of fluorine elimination from beryllium 
raw materials and intermediate products before beryllium hydroxide deposition is of very high importance. One of 
the possible ways to solve this problem may be thermal treatment of sulfate-silicate compounds being the result of 
60% sulfuric acid leaching of granulate according to the present technology. This method does not require any 
significant changes of the present technology and only complements it. 
2. Materials and methods 
For the present research, a representative sample of the dispersed melt (granulate) has been used; its elemental 
composition is shown in Table 1.  
 Table 1. Elemental composition of the dispered melt (granulate) 
Content of an element, % by mass 
Be Al Fe Ca Si Cr Mn Pb Zn F 
2.90 5.02 2.15 9.22 23.80 0.0075 0.88 0.068 0.10 2.85 
 
The procedure of the research was based on the leaching of the dispersed granulate by 60% H2SO4 at 140-150°С 
with the consequent thermal treatment (calcination) of the sulfate compounds at the isothermal conditions (220; 260; 
300 °С) for the given duration (including fast cease of the calcination, and trapping the exhaust gases), aqueous 
leaching, and phase  separation.  
At each stage, the contents of fluorine, beryllium, silicon, and sulfate-ions have been determined in initial, 
intermediate, and final products (in the granulate; in the sulfate-silicate compounds after sulfuric acid leaching and 
calcination; in the sulfate solutions; in the silicate-sulfate sludges after leaching of non-calcinated and calcinated 
sulfate-silicate masses; trapping solutions).  
The determination of beryllium content has been carried out according to the photoneutronic method with the 
activity of gamma-radiation source antimony-124 at 7.4∙1010 Bq (2 Ci). In order to determine the content of fluorine, 
aluminum, calcium, silicon, chromium, iron, manganese, sodium, lead, and zinc, the volumetric, gravimetric, and 
photocolorimetric methods together with ICP-AES at “IRIS” instrument were employed. 
In order to determine the character of fluorine distribution by means of the X-rays diffraction and IR-
spectroscopy, the sulfate-silicate compounds and silicate-sulfate sludges were used. 
X-rays diffraction research has been conducted on the automatic diffractometer DRON-SEIFERT-RM4 (CuKD, 
graphite monochromator, scintillation detector with amplitude discrimination).  
IR-spectrometry study has been conducted on the IR-Fourier spectrometer Nicolet 5700 with the 400-4000 cm–1 
range of wavenumbers. 
3. Results and Discussion. 
X-ray diffraction and IR-spectroscopy investigations of the initial granulate shown that it was represented by 
depolymerized, partly hydrated alumosilicate with the amorphous structure. Fluorine in granulate may be found 
mainly in the form of sodium fluorosilicate according to absorption bands at 482.4; 492.2; and 523.5 cm–1, and also 
753.3 cm–1 which is responsible for valence modes of SiF62– ion1. It is very complicated to explain the unambiguous 
identification of other fluorine-containing compounds because of their low contents. 
Many parallel reactions are possible in the course of granulate leaching with 60% sulfuric acid at 140-150°C and 
a consequent calcination of the formed sulfate-silicate compounds at 300°C. The behavior of fluorine is significantly 
different at these stages. At the first stage during the calcination, the forming HF does not evolve to the gaseous 
phase and, by converting to hydrofluoric and hydrofluorosilicic acids, takes part in various reactions with oxides and 
sulfates. At the second stage, with the increase in temperature and concentration of sulfuric acid up to ~ 80% and 
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more, it is possible for part of fluorine to evolve to the gaseous phase in the form of SiF4, HSO3F and HF. Evolution 
of fluorine may happen to a certain degree due to the fact that while it is being formed, it reacts with SiО2 and 
Н2SO4, and converts to SiF4 and HSO3F.  
For preliminary estimation of fluorine distribution among liquid, solid, and the gaseous phases, thermodynamical 
analysis of sulfuric leaching of the granulate and thermal treatment of sulfate compounds has been carried out at 
temperatures of 25-300°С for the following reaction groups: H2SO4  with oxides; H2SO4  with fluorides; HF with 
oxides; H2SiF6 and fluorosilicates with oxides; H2SiF6 with fluorides; H2SiF6 with sulfates; H2SO4 and sulfates with 
fluorosilicates; sulfates with fluorides and fluorosulfuric complex compounds of beryllium and aluminum; SiF4 with 
fluorides (in total, more than 300 reactions). It was determined that these interations thermodynamically led to the 
formation of beryllium-fluoride and aluminum-fluoride complex compounds [BeF]2SO4, [AlF2]2SO4, [AlF2]HSO4. It 
is impossible to fully convert aluminum and beryllium fluorides to typical sulfates. Fluorine can be elvolved to the 
gaseous phase in forms of SiF4, HSO3F and HF. 
In order to determine the fluorine forms in the products of granulate treatment, the methods of IR-spectroscopy 
and X-ray diffraction analysis were employed. 
The investigation of IR-spectra of sulfuric compounds (SC) before and after calcination at 260°C shown that the 
following bands could be found: silica gel bands: νas(Si-O-Si) at 1080-1100 cm–1, δ(Si-O-Si) at 450-480 cm–1, and 
also at ~ 1200 cm–1 – νas[Si-(OH)-Si], and a diffused band with the maximum at 952.7 cm-1 – δ(Si-OН), 1623.8 cm-1 
– δ(НOН), which belong to the oscillations of bonded water (Fig. 1) 2,3. The absorption band at 3534.2 cm–1 is 
responsible for the valence mode of (OH)–ion 4. At 1055.7; 650.0 and 787.8 cm–1 the modes of SiO4 tetrahedra can 
be found4,5. 
 
 
Fig. 1. IR- spectra of sulfate-silicate compounds before and after calcination at 260°С 
IR spectra analysis has shown the two forms of SiO2 – tridymite (the major phase) and cristobalite. Their bands 
are shown in Table 2 6. 
The fluorides appear in IR spectra as a number of compounds.  
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Na2[SiF6] appears only in the spectrum of calcinated sulfate compounds; the absorption bands at 1405.0 cm–1, 
1282.3 cm–1, 757.7 cm–1, 529.9 cm–1, 489.9 cm–1 point to it 7.  
Table 2. The band wavenumbers (cm–1) for SiO2 modifications in the spectra of sulfate-silicate compounds before and after calcination  
Compounds before calcination Compounds after calcination 
tridymite cristobalite tridymite cristobalite 
wavenumbers, cm-1 
1105 ~1200 1103.5 1103.5 
787.8 748.7 796.7 755 
566.0 620   
475.7 415.2 425 489.9 
 
The anion ВeF42– may be found in IR spectra of calcinated sulfate compounds at 559.3 and 818.8 cm–1 8. The 
weak bands at 2536.5; 2127.3; 1914.6; 1662.1; 1397.2 cm–1 and 537.9 cm–1 observed in the spectra relate to NaF 10. 
Near the background level Na3AlF6 is found by weak bands at 415.8 cm–1, 620 cm-1, 778 cm–1 and 887.4 cm–1, 935.0 
cm–1, 1397.2 cm–1, 1662.1 cm–1; the band at 566 cm–1 presumably belongs to NaCaAlF6∙H2O 7–9.  
In the region 2400-2600 cm–1 an absorption band of acidic salts is observed. In sulfate compounds it may be 
referred to the modes of such molecules as [HSO3]– and [HSiO4]3–. 
IR spectroscopy has shown that there were several sulfates in the sulfate-silicate compounds: ВeSO4∙4H2O, 
СaSO4∙2H2O, NaSO4, Al2SO4∙18Н2О, and, presumably, a double sulfate NaAl(SO4)∙6H2O. 
The easily soluble beryllium sulfate is observed at 1010.2 cm–1. It is known that the structure of this beryllium 
salt is represented by [Be (OH2)4]SO4 with tetrahedral coordination of Be atom by four water molecules8. 
Calcium sulfate СaSO4∙2H2O (gypsum) is determined by characteristic bands at 669.7 cm–1, 1145.0 cm–1, 3405 
cm–1 and 3555.1 cm–1 9 (Fig. 1, IR spectrum of SC). Besides that the absorption band at ~1690 cm–1 in the region of 
deformation modes of water is characteristic only for dihydrate. 
As a result of calcination, the decrease of internsities of the absorption bands at 3500-2700 cm–1 and 1500-1700 
cm–1 related to the valence and deformation bands of the adsorbed and bonded water of silicates and sulfates. The 
band of tetrahedral ν[SO4]2– at 600.1 cm–1 (dihydrate) shifts to the low frequency region up to 593.6 cm–1 which 
indicates the formation of anhydrous СaSO4 1,6,7. 
The experimental investigation of the processes of thermal treatment of sulfate-silicate compounds has shown 
that this method allowed decreasing the fluorine content in the sulfate solutions by 40-50%. The decrease in the 
fluorine content happens mainly due to the conversion to sulfate-silicate sludge at the stage of granulate leaching 
and also during further calcination of sulfate-silicate compounds (up to 2-4% of fluorine evolves to the gaseous 
phase). 
In the result of leaching of sulfate-silicate compounds (both non-calcinated and calcinated) with water, the 
elimination of the soluble salts (sodium sulfate, beryllium sulfate, aluminum sulfate, double sulfates, 
fluoroberrylates, sodium silicates) and the formation of the corresponding insoluble silicate-sulfate sludges occur. IR 
spectra of the latter are shown in Fig. 2. It can be seen that their structure is similar to that of the framework 
silicates, namely, albite – Na (AlSi3O8) which belongs to the group of feldspars (crystallographic group of 
plagioclases). The absorption bands of sludges point to that. The anionic complexes in the structure of plagioclases 
are composed of [SiO4] and [AlO4] tetrahedra. In  the sludge spectra the bands of tetrahedrally bonded beryllium Be-
O (valence) at 1200 cm–1 and Ве-О (deformation) at 590 cm–1 in beryllium-oxygen tetrahedron can be found10. The 
character of the IR spectrum points to the fact that the silicate tetrahedrons prevail in the plagioclases. 
In IR spectra of silicate-sulfate sludges before and after calcination the bands at 1200-1000 cm–1 of bonds ν(Si-O) 
and ν(S-O) in sulfates and silicates are overlapped (Fig. 2). The calcination of SSS leads to the increase in 
crystallinity, and appearance of the narrow bands in the spectra. The disappearance of the band at 1083.7 cm–1 is 
explained by the conversion of calcium sulfate from dihydrate to its anhydrous form. The decrease in intensity of 
both valence and deformation bands is observed. The loss of crystallization water after calcination leads to the 
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decrease in intensity of the doublet band at 1625.6 cm–1 and 1683.4 cm–1 for dihydrate and at 1659.9 cm–1 for the 
anhydrous form. The band at 2132.3 сm–1, which is responsible for structurally bonded (ОН)-groups, is retained.   
 
 
Fig. 2. IR spectra of silicate-sulfate sludges before and after calcination 
As a result of SSC leaching with water, a strong band at 1441.6 cm–1 appears. In this region the bands of different 
atomic groups may be found: calcium carbonates, ammonium salts, calcium silicates, fluorides, etc. There were no 
large amounts of fluorides found, it means this band must be related to Са-[SiO3] 7. 
Therefore, the IR spectroscopy of sulfate compounds has shown that they consisted of a mixture of calcium 
sulfate, beryllium sulfate, sodium sulfate, aluminum sulfate, double sulfates, and different SiO2 modifications: silica 
gel, trimydite and cristobalite. The fluorides are determined in the several forms: NaF, sodium tetrafluoroberrylate, 
Na3AlF6 (traces). After calcination of silicate compounds, Na2 [SiF6] can be found. Silicate-sulfate compounds have 
a framework structure with a part silicon cations replaced by cations of aluminum and beryllium. As ions-
compensators, Na+ and Са2+ are found. The IR spectrum of this compound is similar to that of albite (feldspar) or 
zeolite. In the structure of sludges, there are inclusions of sulfate tetrahedron [SO4]2-. The structure of topaz is of low 
probability. Further investigations are required for more precise structure determination of silicate-sulfate sludges. 
Since fluorine does not eliminate as gaseous HF and SiF4, but converts to silicate-sulfate sludge during 
calcination, it was suggested that a fluorine-containing insoluble (even in sulfuric acid) compound e of [AlF2]2SiO4 
type was formed (a natural topaz is described by Al2SiO4 (F,OH)2 formula). But in tIR spectra of sludges there are 
no bands characteristic of it. It is quite reasonable because in acidic and neutral solutions the Al3+ cation forms 
complex compounds with the coordination number 4 and is found in the formed structures as a tetrahedral [AlO4] 
complex. 
The X-ray diffraction analysis has been employed in order to determine the form of fluorine in the sludges. The 
different phases of calcium sulfate have been found: non-calcinated sludges contain gypsum (CaSO4∙2H2O) and 
bassanite (CaSO4∙0.5H2O), whereas the calcinated ones contain anhydrate (anhydrous calcium sulfate CaSO4). The 
detailed analysis of diffraction patterns does not provide enough intensity for the purposes of identification of other 
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phases present in the samples. It may be concluded that either their contents are not greater than 1-3% (by mass) or 
they are present in a kind of an amorphous form.  
Unfortunately, the presence of significant amount of iron makes it impossible to apply NMR spectroscopy for 
unambiguous identification of the fluorine form in the products. 
4. Conclusion 
Thermodynamic and experimental investigations of leaching beryllium raw materials processes with the 
consequent thermal treatment of the formed products has shown that the calcination of sulfate-silicate compounds 
allowed decreasing the fluorine content by 40-50% before the deposition of beryllium hydroxide. The amorphous 
state, low concentrations of fluorine-containing phases and the presence of iron do not allow unambiguously 
identifying the fluorine state in the products by means of the X-ray diffraction analysis and NMR spectroscopy. 
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